The formation and growth of silicon carbide whiskers (SiCw) 
Introduction
SiC whiskers (SiCw) have attracted considerable attention due to their excellent mechanical, electrical and optical properties, and they are extensively used for reinforcing advanced composites with various matrices and in electronic devices, operating under extremely harsh conditions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Due to the great interest in silicon carbide whiskers for materials technology, numerous methods have been developed to prepare SiC whiskers, including pyrolysis of polyureasilazane precursor [11] , carbon nanotube-confined reaction [12] , chemical vapor deposition [13] , sol-gel synthesis [14, 15] , carbothermal reduction [16, 17] , and direct chemical reactions [18] . However, existing syntheses for the large-scale production of SiC whiskers generally yield low purity products with various structural defects [8, 19] or require costly precursors [11] , rigorous handing of volatile reagents [13] and high temperature [18] .
In our work on the synthesis of SiC coating on carbon fibers with various microstructures by reacting the fibers with silicon powders, the formation of SiCw was observed on some kinds of carbon fibers, but interestingly, SiCw could not be seen on the surface of others. In addition, the yield of SiCw varied with the type of carbon fiber. This suggests that the nucleation and growth of SiCw may have a close relation with the structure of the carbon source and nature of the silicon source.
Coincidentally, Satapathy et al. [20] also reported the casual formation of SiC nanorods by the reaction of silicon powder with amorphous carbon below 1400 °C, but no likely interpretation was given.
Kholmanov et al. [21] reported a similar phenomenon whereby the presence of a trace of oxygen derived from reagents or shielding gas facilitated the formation of SiO gas, thus leading to the formation of SiC whiskers by a vapor-solid (VS) mechanism. Nevertheless, the influence of silicon source on the formation of SiCw by the VS mechanism is still under study and remains to be confirmed unequivocally.
At the same time, the influence of the carbon source on the nucleation and growth of SiCw by reaction of SiO with C also attracts particular attention. Indeed, Zhou et al. [22] was first to propose that the reactivity and atomic configuration of carbon nanotubes were crucial factors governing the formation of SiCw by heating a mixture of carbon nanotubes and silicon monoxide. In a subsequent study, SiC whiskers were synthesized successfully by reacting activated carbon fibers, carbon nanotubes, carbon fibers and graphite with gaseous SiO at 1200-1300, 1400 , 1500 and 1600 ºC, respectively [12, 19, 23, 24] . Thus, SiC whiskers with various yields and morphologies were synthesized at various temperatures on different carbon sources, indicating that the carbon sources have a significant influence on the formation and growth of SiCw.
The mechanism was considered to be epitaxial growth of SiCw on some random spots of carbon sources [23] . However, the influence of the carbon source on the formation of SiCw is still unclear. Therefore, the formation and growth mechanism of SiC whiskers as it relates to the silicon source species and the structure of the carbon source, still needs to be elucidated in order to underpin technology for the large-scale preparation of SiC whiskers.
In this work, highly oriented carbon fibers and general purpose carbon fibers derived from an anisotropic mesophase pitch and an isotropic coal tar pitch, respectively, and treated at various temperatures were used as carbon sources for the preparation of SiC whiskers. The reactions of these carbon fibers with silicon powder or a mixture of silicon and silica powders were investigated to explore the influence of gaseous SiO on the formation and growth of SiCw. The objective of this work is hence to clarify the possible nucleation and growth mechanisms of SiCw and how these correlate with the carbon sources' microstructure and the type of silicon source.
Experimental

The preparation of pitch-based carbon fibers
Commercial isotropic pitch and naphthalene-derived synthetic mesophase pitch purchased from Jining Carbon and Mitsubishi Gas Chemical Corporation, were used as raw materials for melt-spinning of round-shaped isotropic and anisotropic pitch fibers, respectively. The two kinds of as-spun pitch fibers were stabilized at 240-250 ºC for 10-20 h in a flowing oxygen atmosphere, carbonized at 450 ºC for 1 h and subsequently carbonized at 1000 ºC for 1 h under nitrogen atmosphere in a tube furnace using a heating rate of 1 ºC/min. The carbonized fibers were finally heat-treated under flowing argon atmosphere at 2000 or 3000 ºC for 15 min with a heating rate of 15 ºC/min. These isotropic carbon fibers (IF) and anisotropic pitch-based carbon fibers (AF), heat-treated at 1000, 2000 and 3000 °C were used as carbon sources, labelled as IF1000, IF2000, IF3000, AF1000, AF2000 and AF3000, respectively.
The preparation of SiC whiskers
Silicon and silica powders (ca. 300 mesh and purity of 99.9%), purchased from Beijing New Material Technical Co. Ltd. in China, were used as silicon sources.
Syntheses of SiC whiskers were carried out by reacting the carbon fibers with silicon at a molar ratio of C:Si = 1:1, or with a mixture of silicon and silica powders at a molar ratio of C:Si:SiO2 = 2:1:1 at the required temperature under flowing argon atmosphere.
The silicon source was placed in a covered graphite crucible and covered by carbon fibers of length 2 cm in alternating layers to guarantee more homogeneous reaction.
The covered graphite crucible was placed in a vertical graphitizing furnace and vacuum purged before argon gas was introduced to a pressure of 0.1 MPa and this process was the repeated. The crucible was then heated to the required temperature for The diffraction angles of {002} and {100} planes were carefully corrected by the use of silicon powder as an internal reference. Operation and data processing followed the standard procedure for X-ray diffraction measurements on carbon materials [25] . The carbon, oxygen and hydrogen contents of carbon fibers were analyzed by a Vario EL elemental analyzer made by ELEMENTAR, Germany. The surface morphology and microstructure of the carbon fibers and SiCw were investigated using a NOVA400 NANOSEM field emission scanning electron microscope (FESEM) and a Titan G2 60-300 image corrector / field emission gun transmission electron microscope (FEGTEM) with Super-X energy dispersive X-ray spectroscopy attachment. In order to link information on product microstructure and elemental composition and content, atomic lattice resolution transmission electron microscopy in Fig. 1(a) . Fig. 1 illustrates the XRD patterns of the isotropic and anisotropic pitch-based carbon fibers heat-treated at various temperatures. In comparison with AF2000 and AF3000, the {002} plane diffraction peaks (shown in Fig. 1(a) ) of isotropic carbon fibers treated at various temperatures and AF1000 are very weak. Fig. 1(b) shows the magnified patterns of IF1000, IF2000, IF3000 and AF1000. A broad peak at around β =β5.5°, corresponding to the {002} reflections of the graphite structure [26] , can be observed. With the increase of heat-treatment temperature, the intensity of {002} diffraction peaks of carbon fibers increases and the {002} plane diffraction peaks gradually shift to higher angle and show increased symmetry. Sharpening of the peaks indicates that the crystal size in the carbon fibers increases with the heat-treatment temperature. The increase in intensity of the {002} planes' diffraction peak for anisotropic carbon fibers (shown in Fig. 1(a) ) is much higher than that for isotropic carbon fibers with increasing heat-treatment temperature, indicating the graphitizing and non-graphitizing characters of anisotropic and isotropic carbon fibers, respectively.
It also suggests the rapid growth of microcrystals and apparent enhancement of ordering in the internal structure of the anisotropic graphite fibers. In the XRD pattern of AF3000, only peaks at 2 = 26.5 and 54.3 corresponding to the {002} and {004}
planes of graphite can be observed, which suggests that these anisotropic graphitized fibers are highly oriented. On the other hand, the XRD pattern of IF3000 shows two broad and weak peaks at around β = 25.5 and 43° corresponding to the {002} and {100} planes of turbostratic graphite, respectively, revealing the disordered structural character of the isotropic carbon fibers.
Crystalline parameters, calculated from XRD results, are listed in Table 1 . These parameters quantitatively illustrate the differences in microstructure between the carbon fibers. The decrease of d002 and the increase of the La(100), Lc(002) and d100 values are clearly apparent for both types of carbon fiber with increasing heat-treatment temperature. This indicates that higher heat-treatment temperature is more beneficial to the ordering and growth of graphite crystals. In comparison with isotropic carbon fibers heat-treated at same temperature, it can be seen that the anisotropic carbon fibers possess larger crystal size and that these crystals grow much more markedly upon heat treatment, demonstrating the enhanced graphitizability of the anisotropic carbon fibers. can be readily resolved in these images, and the carbon layers of the isotropic carbon fibers become more ordered and display a less turbostratic structure. The in-plane coherence length (La(100)) and the stack height (Lc(002)) of the isotropic carbon fibers also increase with heat-treatment temperature, but their sizes are still only a few nanometers. This is consistent with the XRD-derived crystalline parameters of the isotropic carbon fibers shown in Table 1 .
With increasing heat-treatment temperature, the mesophase pitch-based carbon fibers (shown in Fig. 2(d-f) ), possess larger crystallite grains and higher orientation along the {002} plane in comparison with the isotropic carbon fibers (shown in Fig. 2a-c), even at the relatively low heat treatment temperature of 1000 °C (as shown in Table 1 . In order to understand the possible influence of the carbon sources on the formation of SiCw, the two types of carbon fibers after heat-treatment at various temperatures were used as carbon sources for reaction with silicon powders at 1400 C. Fig. 3 shows SEM images of the products. Fig. 3(a) and Fig. 3(d) clearly show that some fibrillar materials are produced on the surface of the carbon fibers previously treated at 1000 ºC. In comparison with the former, more nanowhiskers are produced on IF2000 and particularly on AF2000 (shown in Fig. 3(b) and Fig. 3(e) ). Although it is difficult to quantify the exact yields, SEM observation of many sample regions clearly indicates that whiskers grow preferentially on the surfaces of IF2000 and AF2000.
Furthermore, hardly any formation of SiCw is observed on the surface of carbon fibers treated at 3000 ºC as shown in Fig. 3(c) and Fig. 3(f) , indicating that whisker formation is difficult in these cases. Disregarding the growth mechanism of SiC whiskers, if the formation of SiC nanofibers is governed by the transport and homogeneous nucleation of carbon and silicon sources on the surface of carbon fibers, it should be possible to form SiCw from any of the various carbon sources. Since this is not the case, it is likely that the significant differences in the microstructure and / or crystal size of the carbon precursors affect the formation of SiC whiskers in a heterogeneous growth process. In addition, the EDX spectrum in Fig. 4(d) shows that the nanowhisker contains Si, C and O, and the similar atomic ratio of Si and C suggests that it consists largely of silicon carbide. The disordered edge structure of the SiC whisker in Fig. 4 (b) may be attributed to SiO2, whose existence on the surface of SiCw may imply that the formation of SiCw involves the formation of SiO which may result from the unpurified silicon powders [21] . This is because, previously, Kholmanov [21] reported that the possible presence of infinitesimal oxygen in silicon powders could facilitate the formation of SiCw. In order to test the influence of the surface silica of silicon powders on the formation of SiCw, the as-received silicon powders were alternatively treated with hydrofluoric acid under magnetic stirring for 24 h to remove the silica component on their surfaces and, after water washing, dried at room temperature under vacuum. 6 shows SEM images of the products prepared by reaction of the six carbon fiber variants with the purified silicon powders at 1400 ºC. Compared with the products shown in Fig. 3(b) and Fig. 3 (e) from reaction of unpurified silicon powders with IF2000 and AF2000, which show a lot of SiCw formation on the fibers, no SiCw is observed on IF2000 and AF2000 (nor on IF3000 and AF3000). This suggests that
SiCw cannot be formed by reaction of the carbon fibers with purified silicon due to the absence of oxygen. Only a few whiskers can been seen on the samples from IF1000 and AF1000 (shown in Fig. 6(a) and Fig. 6(d) ), implying that the carbon fibers IF1000 and AF1000 contain oxygen. In order to prove the existence of oxygen in carbon fibers, elemental analysis was employed to determine the elemental content of each carbon fiber type. Table 2 illustrates the variation in relative C, H and O contents in isotropic and anisotropic pitch-based carbon fibers with respect to heat-treatment temperature. Heat-treatment at higher temperature increases the C content and reduces the H and O contents in the carbon fibers. The carbon fibers IF1000 and AF1000 contain significant amounts of H and O, implying that this may volatilize from these two carbon fibers during their reaction with silicon. After heat treatment at 2000 ºC or graphitization at 3000 ºC, the C content in the fibers approaches 100% with little more than trace H and O content, and thus no significant scope for H or O volatilization during reaction of the fibers with silicon [27] .
To further reveal the influence of these volatiles on the formation of SiC whiskers, TG-MS analysis was utilized to measure real time gas evolution during pyrolysis of the carbon fiber. This facilitates not only the quantitative assessment of the pyrolysis process but also the identification of decomposition products from the MS profiles of individual off-gases. Considering the role H2O plays in the formation of SiO gas as shown in reaction (1) [28] , Si +H2O (g) SiO +H2 (1) the evolution of H2O is of particular interest. Fig. 7 shows the evolution of H2O in the TG-MS analyses of IF1000, IF2000 and AF1000. Since the MS signals were normalized to the mass of the sample and the maximum total intensity arising in the experiment, TG-MS allows semi-quantitative analysis. For IF1000 and IF2000, the first H2O evolution occurs in the range of 80-300 ºC with maximum intensity at about 120 ºC and 150 ºC, respectively, corresponding to the removal of adsorbed water. In contrast, there is no obvious trace of water in AF1000 in the range of 80-300 ºC.
Evolution of H2O arises again in the pyrolyses of IF1000 and AF1000 above 300 ºC with an increasing release rate over the course of the experiment. In contrast, there is no evident H2O evolution during the pyrolysis of IF2000, in accordance with its low H and O content, as shown by elemental analysis. This suggests that carbon fiber pyrolyzed at a lower temperature (1000 C) may still release some H2O vapor during later reaction with silicon, leading to the growth of SiC whiskers via to the formation of SiO, in agreement with the results shown in Fig. 6(a) and Fig. 6(d) . formation and growth mechanism of SiC whiskers is as follows:
Si +H2O (g) SiO +H2
(1)
Once gaseous silicon monoxide (SiO) was formed following reaction (1), the gaseous SiO product subsequently reacts with C and CO according to reactions (2) and (3), respectively. As a result, silicon carbide will be produced by heterogeneous nucleation according to reaction (2) [14, 23] . In addition, further growth of SiC whiskers is believed to occur via the gas-phase process in reaction (3). Once CO2 is produced in reaction (3), this further reacts rapidly and spontaneously with nearby carbon fibers to form CO gas continuously according to reaction (4), thereby continuing the abovementioned cycle. To further study the influence of gaseous SiO on the formation of SiC whiskers, the reactivity of carbon fibers with a mixture of silicon and silica was investigated and the SEM images of products as-prepared at 1400 °C are shown in Fig. 8 . Silica powders were introduced to maintain an abundance of SiO in the atmosphere, derived from the reaction of silicon with silica. Compared with the products shown in Fig. 3(a and b) and Fig. 3(d and e) , the yield of SiC whiskers shown in Fig. 8(a and b) and With respect to heteroepitaxial nucleation and growth, a great deal of work has been reported, which demonstrates that heteroepitaxial growth is energetically favorable due to the relatively small lattice mismatch between substrates and heteroepitaxial growth products [29, 30] . The relatively close correspondence between the graphite 100 d-spacing (0.213 nm) and the cubic SiC 200 d-spacing (0.217 nm) might at first sight suggest that single crystal SiCw growth may occur epitaxially on the carbon fibers with little strain in an energetically favourable manner, (although this would not explain why no significant SiC growth occurs on IF3000 or AF3000). To explore the above conjecture, the d-spacings giving rise to the {100} diffraction peak for carbon fibers heat treated at various temperatures will be considered. Table   1 ) also tends to disfavor growth of SiCw. As shown in Fig. 2(c) , the carbon fiber IF3000 is composed of both straight and curved carbon layer crystal grains. The areas composed of straight carbon layers have a lower d002 value (0.337 nm) and a d100 value near to 0.213 nm, similar to those of carbon fiber AF3000, so epitaxial growth of SiCw is not favoured on this carbon structure. The areas composed of curved carbon layers may have larger more epitaxially compatible d100 values; however, geometrical consideration of this curved structure suggests that its La(100) is quite low, meaning that areas suitable for epitaxial growth are limited in size and hence few SiC whiskers are formed on IF3000 carbon
fiber. This analysis suggests that carbon fibers must contain tubostratically stacked graphite structure and possess an appropriate grain size to favour significant formation of SiC whiskers.
In order to understand the possible influence of the reactivity of graphite fibers with defective carbon structure on the formation and growth of SiCw, the graphite fiber AF3000 was oxidized at 600 C under air for 3 h or in a mixture of sulfuric acid (98 wt%) and nitric acid (65 wt%) with volume ratio of 7:3 for 48 h. The acid oxidized sample was finally washed in distilled water to neutrality and dried at 100 C for 24 h. Fig. 10 shows the Raman spectra and SEM images of the surfaces of AF3000 and its air-and acid-oxidized derivatives. In comparison with AF3000, the intensity of G peak at 1585 cm -1 (shown in Fig. 10(a) ) of the two samples after air and acid oxidations do not show obvious change, indicating the air or acid oxidations have little influence on the crystal structure of graphite fibers. However, the intensity of the D peak of the two samples after air and acid oxidation became stronger compared with that of the original AF3000, showing that air and acid oxidations lead to the formation of defects on the surface of the two samples. In comparison with sample AF3000, rough surfaces can be observed upon oxidation of graphite fibers, which is in good agreement with the results of Raman spectra.
The two oxidized graphite fibers were used as carbon source for the synthesis of SiC whiskers by reacting them with a mixture of silica and silicon at 1400 C for 1 h.
No SiC whiskers can be seen in the SEM images of the products (Fig. 10(e and f) ).
Thus the existence of defects on the surface of graphite fiber seems to have not direct relation with the growth of SiC whiskers. The effect of deeper oxidation treatment on the crystal structure of graphite fibers and the growth of SiC whiskers thereon will be investigated in our future work. (Fig. 12(a and c) ).
However, the pyrolytic carbon black and thermal carbon black shown in Fig. 12(a) and Fig. 12(c) display hollow ball and solid spherical particle morphologies, respectively. Fig. 12(b and d) show the TEM atomic lattice images of pyrolytic carbon black and thermal carbon black. They show that the two carbon sources are composed of turbostratic graphitic structure, which is consistent with the results of XRD in Fig.   11 . The insets in Fig. 12(b and d) are the magnified images of the lattice fringes from within the corresponding marked boxes in Fig. 12(b and d) . The intergraphene spacing of ca. 0.35 nm for the {002} plane of graphitic carbon can be readily resolved in these images. It seems that the pyrolytic carbon black shown in Fig. 12(a and b) is composed of ribbon-shaped carbon layers and forms an enclosed hollow ball. The thermal carbon black shown in Fig. 12(d) is composed of curved carbon layers and displays an onion-like structure. No obvious differences are observed between the edge structure of the nanosized pyrolytic carbon black and microsized thermal carbon black shown in Fig. 12(b and d) , respectively. In comparison with the edges of two carbon blacks, the centers of nanosized pyrolytic carbon black and microsized thermal carbon black display a hollow structure and a more turbostratic structure, respectively.
After reaction of the mixture of silica and silicon with pyrolytic carbon black and thermal carbon black at 1400 C, the SEM images of the products are shown in Fig.   13(a and b) , respectively. A lot of SiC whiskers are clearly observed in the product prepared from pyrolytic carbon black ( Fig. 13(a) ). In contrast, few SiC whiskers can be found in the product prepared from thermal carbon black (Fig. 13(b) ). This implies that the latter's curved carbon layers are disadvantageous for the nucleation and growth of SiC whiskers, perhaps because a curved carbon substrate disfavours epitaxial growth. In our ref. [29] , we said that single crystal TiC was formed more readily on pyrolytic carbon black and MWCNTs rather than on thermal black and lamp black, because thermal (and even lamp) carbon black seem to have a higher La(100) than pyrolytic carbon black. Ref. [29] explained that single crystal TiC growth was limited by large carbon stack heights (> 15 nm) as these were expected to lead to a breakdown in interfacial coherency due to a build-up of interfacial strain when slight epitaxial mismatches are amplified over longer distances. In the present manuscript, the invocation of curvature as an impediment to epitaxial growth is therefore an alternative explanation as to why carbide formation may be hindered. It indicates that the defective structure of the carbon source is not a unique critical factor for the growth of SiC whiskers. Instead, the curvature of the carbon layers as well as the grain size and the d-spacing of {002} and {100} planes of carbon sources may have a more significant influence on the growth of SiC whiskers.
Conclusions
SiC whiskers were synthesized successfully at 1400 °C by the reactions of mixed silicon and silica powders with isotropic or anisotropic carbon fibers previously treated at 1000 and 2000 °C as carbon sources. The resulting SiC whiskers are mainly composed of single crystal nanofibers and have diameters mostly in the range 20-50 nm. The formation of some SiC whiskers was also observed by reaction of (particularly isotropic) carbon fiber treated at 1000 °C with purified, oxygen-free, silicon powders, which can be attributed to the formation of SiO by reaction of Si with water released from the carbon fibers. The presence of SiO as silicon source is a precondition for the formation and growth of SiC whiskers. It was also demonstrated that SiC whisker growth is favoured on the surface of carbon fibers with suitable d100 and La(100) values by an epitaxial growth mechanism. Carbon fibers must therefore contain tubostratic stacking graphite structure and possess an appropriate grain size to facilitate formation of SiC whiskers. Supplementary studies, using air-or acid-oxidized AF3000 fibers show that introduction of defects on the surface of the graphite fibers does not encourage growth of SiC whiskers. In addition, defective carbon sources, such as thermal carbon black and pyrolytic carbon black, were used to grow SiC whiskers. These results also indicate that defective carbon structure is not the unique critical factor for the growth of SiC whiskers. The understanding gained through this study therefore offers possibilities for large scale preparation of SiC whiskers using carbon sources with defined structure by a carbothermal reduction synthesis method. In future studies, following further elucidation of the nucleation and growth mechanisms of the carbides, control of the carbide product yield is expected to be achievable by tailored variation of the synthesis conditions.
